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A summary of the activities performed over the last years at the von Karman Institute for Fluid Dynamics in the frame of hypersonic boundary layer transition studies is presented. Free-stream noise levels have been determined in the H3 Mach 6 conventional wind tunnel using double hot-wires and modal analysis. In the Longshot wind tunnel at Mach 10, an improved free-stream characterization method, based on the use of free-stream static pressure probes, has been applied, alleviating the needs for the limiting adiabatic and isentropic nozzle flow assumptions. Based on these improved flow characterization, natural transition experiments have been performed in both wind tunnels on 7
• half-angle conical geometries at 0
• angle of attack and with different nosetip radii. Measurements techniques include either infrared thermography or flush-mounted fast response thermocouples in order to determine the transition onset location. Boundary layer instabilities are visualized using a LIF-based Schlieren technique at Mach 10, revealing rope-shape structures typical of the second mode disturbances. Wall measurements using fast-response pressure sensors complete the investigations. Dominant boundary layer disturbances at various locations along the cone are determined and compared with theoretical predictions. The corresponding N-factor is inferred for each wind tunnel. A comparison of the different measurement techniques is finally reported. This paper first considers the H3 Mach 6 wind tunnel before focusing on results gathered in the Longshot wind tunnel. For each wind tunnel, the recent efforts which have been dedicated over the last 5 years to the flow characterization are reminded. In particular, the quantification of the free-stream noise levels is reported for the H3 wind tunnel using stagnation pressure and double hot-wire probes. Beside, in the Longshot wind tunnel, direct measurements of free-stream quantities have been sought in order to reduce uncertainties on derived flow quantities such as the free-stream Mach and Reynolds numbers.
Based on the knowledge gathered and the improvements achieved, boundary layer transition studies have then been carried out on various geometries. The present review focuses only on natural transition experiments along conical geometries whereas additional results obtained recently for both natural and roughness induced transition on flat plates, cones and the Expert vehicle can be found in Refs. 1-5.
II. Motivation
Boundary layer transition is a critical phenomenon at hypersonic Mach numbers for several reasons. The increase of wall heat fluxes (up to an order of magnitude larger) is probably the most critical consequence 6, 7 and this has driven a large number of studies aiming at predicting the transition location in such high-speed flows. Recent reviews have underlined the complexity of the phenomenon, 8, 9 influenced by numerous parameters and still associated to large uncertainties in the current predictions. This has lead to the conservative design of thermal protecting systems for reentry vehicles which is therefore detrimental to their payloads.
Hypersonic flight experiments are scarce because they are expensive, difficult to plan and execute successfully. 10 Therefore, hypersonic wind tunnels are often used to duplicate, at least partially, these flight conditions. Nonetheless, the most accurate measurements achieved on wind tunnel models can be depreciated by poor knowledge of free-stream flow properties, which introduces bias, uncertainties, or both on the non-dimensional quantities determined.
The accurate determination of free-stream flow properties is therefore a prerequisite to any boundary layer transition study. It is usually a challenging task for hypersonic wind tunnel operators because probes are intrusive and stagnation conditions may be influenced by high-temperature and dense gas effects. Difficulties are often stressed further by the short test time available and limited instrumentation capabilities.
In addition, the boundary layer transition phenomenon is strongly influenced by the free-stream turbulence, 11, 12 which is dominated in hypersonic wind tunnels by acoustic radiations from the turbulent boundary layers along the nozzle walls. 13, 14 Because this is not a scalar quantity (amplitude, direction and spectrum should be considered), it is however difficult to characterize it precisely.
The objectives of the work performed at the VKI are therefore twofold. At first, efforts are dedicated to the wind tunnels by improving the determination of their free-stream quantities and characterizing their freestream turbulence levels when possible. This is used to increase the quality of experimental data collected in these wind tunnels. In particular, the second objective is to improve the knowledge of the transition phenomenon at hypersonic Mach numbers and to isolate the effect of compressibility on the stability of high-speed boundary layers.
III. Experiments in the H3 Mach 6 wind tunnel

III.A. H3 hypersonic wind tunnel
The boundary layer transition experiments at Mach 6 have been performed in the H3 hypersonic wind tunnel of the von Karman Institute for Fluid Dynamics. The VKI H3 test facility is a blow-down to vacuum type wind tunnel (figure 1).
Figure 1: Sketch of the VKI H3 hypersonic blowdown tunnel
This wind tunnel provides a uniform axisymmetric jet with a diameter of 12 cm at Mach 6. Dry air is supplied at stagnation pressures ranging from 6 to 35 bars. The test gas is heated up to a total temperature of 500 K in order to avoid condensation in the test section. The free-stream unit Reynolds number typically varies within 6-30·10 6 /m. The wind tunnel includes a model injection mechanism in order to avoid blockage and excessive heating of the model during start-up. The test chamber is vacuumed prior to each test using a supersonic ejector. The test model is then injected once the Mach 6 free-jet is established. Further details about this facility have been reported in Refs. 4, 15, 16.
III.B. Flow characterization in the H3 wind tunnel
The hypersonic nozzle flow of the H3 wind tunnel has been recently characterized using both an array of stagnation pressure probes and double hot-wires. The uniformity of the jet has been determined as well as the free-stream disturbance levels.
Flow uniformity
The free-stream Mach number uniformity has been inferred from an array of stagnation pressure probes, using the ratio of test section to reservoir stagnation pressures. 17 Measurements have been performed at different axial locations. The uniformity of the hypersonic free jet along vertical and horizontal planes are illustrated for one operating condition (Re unit, ∞ = 18 · 10 6 /m) in figures 2a and 2b, respectively. The nozzle of the VKI H3 has been designed with the method of characteristics for Mach 6. Its exit diameter is about 154 mm. Measurements show that the jet core has a slightly higher Mach number with respect to the nozzle design with a free-stream Mach number about 6.1.
The analysis of the maps in figure 2 reveals that the Mach number decreases at the sides of the jet core as visible from 80 mm downstream the nozzle exit. This decreasing Mach number pattern is identified as a sign of an overexpanded hypersonic jet. Blow-down facilities are often very sensitive to the back pressure imposed by the diffuser, a pressure slightly off the design can result in an overexpanded jet which can interfere with a slender wind tunnel model. These measurements are in agreement with the few profiles reported earlier in Refs. 15, 18 . In addition to this mean flow characterization, disturbance measurements have been performed in the VKI H3 wind tunnel with a double hot-wire and a high frequency response stagnation pressure probe along the nozzle axis. Test section stagnation pressure measurements Stagnation pressure measurements have been carried out in the test section by means of a Kulite pressure transducer flush mounted in a Pitot tube located along the centerline of the nozzle. The streamwise distance between the tip of the probe and the nozzle exit is about 10 mm. Another stagnation pressure probe, connected to a reference pressure transducer outside of the test section, is located at a spanwise distance of 12 mm with respect to the centerline. This latter probe is used to compensate the temperature effect on the Kulite transducer as described in Ref. 4. In figure 3 the normalized RMS of the test section stagnation pressure fluctuations is plotted against the free-stream unit Reynolds number. Normalized RMS values in the VKI H3 wind tunnel range between 1.6-1.9. They exhibit a decreasing trend for free-stream unit Reynolds number increase, which is in line with observations reported earlier in Ref. 29 .
Values are compared to stagnation pressure fluctuations measurements which were reported recently for the BAM6QT 26 at a very similar free-stream Mach number. Stagnation pressure fluctuations in the free-stream of the VKI H3 are slightly lower than the corresponding values from the BAM6QT when operated under noisy flow conditions. Benefits of the quiet flow capabilities of the BAM6QT wind tunnel are evident from this figure where pressure fluctuations drop by about two orders of magnitude, down to approximately 0.015%.
Ref. 4 reports on the spectrum of the free-stream disturbances using the stagnation pressure probe. A relatively flat spectrum is observed up to 30 kHz before a rapid decay. This decay closely corresponds to the cut-off frequency of the sensor. Further efforts should be pursued to determine the spectrum of the free-stream disturbances over a wider frequency range. figure 4 , the normalized RMS of the mass flow and total temperature fluctuations measured with the double hot-wire probe are respectively plotted. This is given for different operating conditions of the wind tunnel as a function of the free-stream unit Reynolds number. Their results reported total temperature fluctuations on the order of half the mass flow fluctuations and it was concluded that part of the total temperature fluctuations were related to the entropy spottiness due to the absence of upstream thermal equalizer systems. Figure 4 indicates that total temperature fluctuations in the VKI H3 wind tunnel are about 20% of the mass flow fluctuations. It is also hypothesized that part of the high total temperature fluctuations are caused by entropy spottiness.
Modal analysis
The combined data reduction process detailed in Refs. 4, 32 allows to extract entropy, vorticity and acoustic fluctuations out of the double hot-wire and stagnation pressure measurements.
Corresponding results are shown in figure 5 . Entropy fluctuations range between 0.3% and 0.8%. Their scatter is closely related to the fluctuations of the mass flow (figure 4a). Vorticity fluctuations are relatively stable around 0.6% for various free-stream unit Reynolds numbers.
The sound-wave mode (about 0.7%) is slowly decaying with the free-stream unit Reynolds number. It appears to be predominant in the VKI H3 wind tunnel for almost the whole Reynolds number range, whereas the entropy and vorticity mode fluctuations are both around 0.6%. The three modes are contributing to generate disturbances in the free-stream flow and the sound-wave appears to be the one contributing the most. Ref. 11 demonstrated that such acoustic fluctuations play a dominant role in boundary layer transition.
III.C. Mach 6 conical model
Boundary layer transition experiments have been performed on a 7
• half-cone. This model is assembled in two parts, one half made in stainless steel and the other half made in black Plexiglas . This particular assembly allows for simultaneous measurements with high frequency pressure transducers (PCB 132A31) and an infrared thermocamera. An exploded view of the conical model is given in figure 6a . This model has a total length of 265 mm and can be equipped with two exchangeable nosetips: a relatively sharp one (R N = 0.126 mm) and a slightly blunt one (R N = 2.5 mm). A magnified picture of the sharp nosetip is given in figure 6b .
A sketch of the stainless-steel side of the cone with the allowed sensor locations is given in figure 7 . The black Plexiglas is a very good insulator material and has been widely used at the VKI for quantitative infrared measurements. Plexiglas thermal properties are summarized in Table 1 . In order to achieve high and controlled emissivity at the surface, the model is painted with a special matte black paint. In such a way, the emissivity of the surface can be considered close to a value of 1. • half-angle cone (side view) and location of instrumentation Table 1 : Plexiglas properties
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III.D. Natural transition measurements at Mach 6
Surface pressure measurements in combination with infrared imaging have been performed in the VKI H3 hypersonic wind tunnel at different Reynolds number with a wall temperature to total temperature ratio Tw /Tt 1 equal to 0.59. The model was set to 0 • angle of attack.
Comparison of different measurement techniques A typical Stanton number distribution along the conical surface is given in figure 8 , where the large increase of the wall heat transfer coefficient around s = 220 mm is due to the transition of the boundary layer from a laminar state to a turbulent one. Different techniques are used to characterize the natural boundary layer transition process over the 7
• half-cone in VKI H3 conditions. The transition onset location determined from infrared measurements is plotted in figure 9 with a modified Stanton number (using a stagnation temperature T t1 instead of a recovery temperature T r ), and compared to the RMS value of the pressure fluctuations normalized by the computed Taylor-Maccoll mean wall pressure. The modified Stanton number has been normalized by the cubic root of the Reynolds number in order to partially remove the influence of different free-stream conditions. Experimental results as a function of the Reynolds number are compared with Eckert's theory for laminar and fully turbulent boundary layers. Experimental results depict boundary layer transition for unit Reynolds numbers of Re unit, ∞ = 27.1 · 10 6 /m, 22.8 · 10 6 /m and 18 · 10 6 /m with an inferred natural transition location respectively at 133 mm, 150 mm and 184 mm. For the lower Reynolds numbers cases at Re unit, ∞ = 14.1 · 10 6 /m and 10.2 · 10 6 /m, the cone is too short to observe transition.
The evaluation of Pate's transition correlation 11 for cones (shown in figure 9 ) generally falls in the middle of the transition region for a selected free-stream unit Reynolds number. The peak of surface pressure fluctuations occurs approximately in the middle of the transition region defined from infrared measurements. A satisfactory agreement between the theoretical and the experimental dominant instabilities is observed. Nevertheless, a consistent shift in frequency is present in figure 10 where the theoretical peaks have slightly higher frequencies than the experimental results. Because the same frequency shifts are shown for both LST and PSE calculations, the effect of non parallel flow can be excluded from the origin of such a discrepancy. However, both LST and PSE because of their basic assumptions do not include the so called secondary effects. Small imperfections on the wind tunnel model surface, the real noisy environment of the wind tunnel, small misalignment or local variations of wall temperature on the model can be all considered secondary effects.
In figure 11 the amplification factors computed by PSE (solid red curves) and LST (dashed blue curves) codes are related to the experimental transition location (dashed vertical line) observed for a free-stream unit Reynolds number of Re unit, ∞ = 18 · 10 6 /m. Analyzing figure 11 the value of the N -factor from PSE computation is equal to 5.5, while from LST calculation the N -factor is slightly lower and equal to 4.8. This is in line with previous results reported in other conventional hypersonic wind tunnels [37] [38] [39] suggesting that a N -factor value of 5.5 provides a good approximation for the transition location in these noisy wind tunnels.
Results for other free-stream conditions are detailed in Ref. 4 and yield approximately the same N -factors for such a conical geometry.
IV. Experiments in the Longshot wind tunnel at Mach 10
IV.A. Longshot wind tunnel
Boundary layer transition experiments also have been performed in the Longshot hypersonic wind tunnel at the VKI. This facility is based on the principle of a gun tunnel with a piston used to compress the test gas with maximum stagnation pressures and temperatures respectively on the order of 2 500 × 10 5 Pa and 2 200 K for the experiments considered here. A sketch of the wind tunnel is given in figure 12 and Ref. 40 has recently described its mode of operation in more details. The Longshot wind tunnel allows for experiments at high Mach numbers within an environment quite free of high-enthalpy effects (nitrogen is used here with maximum total enthalpies on the order of 2 MJ/kg) and at large Reynolds numbers in order to duplicate typical earth reentry trajectories.
This wind tunnel relies on a constant volume of compressed gas, hence stagnation conditions are decaying during the typical 20 ms test time. This actually allows to scan a range of free-stream Reynolds number during a single experiment and contributes to increase its productivity. Typical flow conditions used for transition studies were reported in Ref. 40 and range between Mach 9.5-12 while unit Reynolds numbers are on the order of 3.5-12 · 10 6 /m.
IV.B. Flow characterization in the Longshot wind tunnel
Recent efforts in this wind tunnel focused on reducing uncertainties on free-stream flow quantities. To this end, slender static pressure probes have been designed and used to estimate the free-stream static pressure. Viscous interaction effects were accounted for based on numerical results, yielding a wall to free-stream pressure ratio on the order of pw /p∞ = 0.96 (weak viscous interactions). One of the probes is illustrated in figure 13 and is equipped with a single Kulite pressure sensor XCQ-093-5psi at L D = 24. The sensor is mounted within a cavity which is connected to the surface by four holes (inlet diameter: 0.6 mm) equally spaced around the probe at 90
• each. The detailed design and calibration procedure are reported in Ref. 41 . Free-stream static pressure measurements are used (in combination to the pressure and heat flux measurements at the stagnation point of an hemispherical probe with a diameter of 25.4 mm) to determine all free-stream flow properties of interest. The procedure has been detailed in Ref. 41 and is based on the use of the Fay-Riddell equation. 42 The interest of this method with respect to the one used previously 43 is that it only requires test section measurements to characterize the hypersonic flow. None of the questionable adiabatic and isentropic nozzle flow assumptions are required by this method. These measurements revealed free-stream static pressures about twice larger than expected from the theoretical rebuilding method 43 relying on an isentropic expansion assumption (figure 14). Good confidence has been obtained while using these static pressure probes showing that difference is neither attributable to viscous effects, nor sensor defect, nor probing geometry effects, nor probe misalignment.
41
Other free-stream flow properties such as the static temperature, local Mach number and Reynolds number are consequently also influenced. Free-stream Mach number drops between 9.5 and 12 depending on the test conditions considered, hence significantly lower than anticipated from the Mach 14 nozzle design. 41 In addition, independent results such as flow visualization have confirmed these measurements. This points out the deficiencies of traditional rebuilding methods to detect nonisentropic expansions.
The contoured nozzle was designed using the method of characteristics 44 assuming an equilibrium flow and taking into account dense gas phenomena present in the reservoir (using an equation of state described in Refs. 45, 46) . The inviscid contour obtained was then corrected for the boundary layer displacement thickness based upon the correlation of Edenfield. Ref. 49 reported on the presence of a slight discontinuity in the nozzle contour at 204 mm from the throat location. The propagation of the weak disturbances introduced at this location can be approximated by following a characteristic line. This might be correlated with some of the deviations observed in the cross section profiles, especially at about half the nozzle length. Yet, the presence of this disturbance could not be confirmed at the nozzle exit (neither measured nor observed). Whether it can be responsible for the lower Mach number reported remains unknown.
Free-stream noise levels associated with the wind tunnel have been partially characterized in Ref. 49 based on stagnation pressure fluctuations. A first approximation of the turbulence levels was determined for one operating condition (commonly referred to as "Low" Reynolds number). Even though the design of the probes may have introduced resonance effects leading to a slight overestimation, the standard deviation of the stagnation pressure fluctuations was measured as ±7.5%. Slightly lower amplitudes were observed at larger free-stream unit Reynolds numbers. The frequency response of the probes was limited to about 20 kHz and no spectrum of the free-stream disturbances is therefore available yet.
IV.C. Longshot conical model geometry and instrumentation
Transition studies have been performed in the Longshot wind tunnel using an 800 mm long 7
• half-angle cone. The final surface quality is characterized by Ra < 3.2 µm. Six exchangeable nosetips ranging from 0.05 mm to 10 mm radii can be mounted on the model as illustrated in figure 16 . With respect to the base radius R B of the cone, this corresponds to variations between 0.002 ≤ The cone is fitted partially within the contoured nozzle, in its inviscid uniform part as characterized in Ref. 49 . Only its most rearward part (between 110 and 225 mm depending on the configuration used) is extending out of the nozzle and allows for a limited flow visualization.
The angle of attack and sideslip of the model were both set to zero. Nosetips were exchanged successively from 0.05 to 10 mm radii. The wall to total temperature ratio varied between 0.16 ≤ Tw /Tt 1 ≤ 0.29.
Only one side of the cone is instrumented along three main generatrices. The instrumentation includes 21 streamwise fast response type-E thermocouples, 7 streamwise piezoresistive Kulite XCE-093-5psi pressure sensors, and 8 piezoelectric pressure sensors PCB 132A31 at various locations as illustrated in figure 16 . All sensors are held in position from the inner parts of the cone in order to minimize the disturbances introduced at the surface.
Thermocouples are used to determine the wall heat flux distribution along the cone, from which the transition extent can be inferred. Absolute pressure sensors have essentially been used to confirm the freestream flow properties determined with the static pressure probe. Although not reported here, an excellent agreement has been obtained. Finally, piezoelectric pressure sensors are used to measure the boundary layer disturbances along the cone. They are flush-mounted to the conical surface and were arranged in the streamwise direction for tests reported here.
Further details about the experimental setup, the instrumentation used as well as some preliminary results can be found in Ref. 40 . • half-angle cone as a function of the free-stream unit Reynolds number
The Stanton number initially decreases along the conical surface, following the Reynolds number dependence of the numerical laminar predictions, albeit 25% larger in all cases. The minimum heat transfer location along the wall is defined as the transition onset, denoted by Re sB, e , even if an accurate definition of this location can be difficult with such discrete instrumentation.
The notable rise of the heat transfer coefficient after the transition onset corresponds to an increasingly important intermittency factor of the boundary layer. A slight overshoot of the turbulent heat transfer coefficient predictions occurs at the end of the transition process. The maximum heat transfer location along the wall is then defined as the end of the transition region, denoted by Re sE, e . The boundary layer then approaches a completely turbulent state with a local heat transfer coefficient in better agreement with numerical predictions and about 2.5 times larger than the laminar ones.
The transition delay trend observed on Re sB, e in figure 17a while increasing the free-stream unit Reynolds number is attributed to variations of free-stream noise levels as commonly reported in the literature.
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Figure 17b illustrates the strong stabilizing effect of nosetip bluntness on the boundary layer. With a nosetip radius of 4.75 mm, an essentially laminar flow exists all along the cone with only a slight departure from the laminar trend for the largest local Reynolds number tested. With a larger 10 mm nosetip radius, the flow remained completely laminar 40 at a free-stream unit Reynolds number of Re unit, ∞ = 12 · 10 6 /m. The stabilizing effect of nosetip bluntness is well illustrated by plotting the transitional Reynolds number as a function of the Reynolds number based on the nosetip radius Re R N , ∞ . This is illustrated in figure 18 . Each symbol then represents the transition onset (i.e. departure from laminar trend), expressed here with respect to free-stream quantities (Re sB, ∞ ) for comparison purposes with relevant literature.
Small amounts of bluntness do not significantly influence the transition onset location. This is indicated by the curves drawn for similar free-stream conditions which are horizontal for small nosetip radii (R N = 0.05-0.75 mm). On the other hand, as Re R N , ∞ increases beyond Re R N 4 000 , a significant transition delay is observed. With the 10 mm nosetip radius, transition onset Re s B , ∞ is larger than 10 7 , i.e. at least 2.5 times more than for the sharp configuration with the same flow conditions. Data reported by Refs. 52, 54 for slender cones at slightly larger free-stream Mach number (12 to 15) are indicated on figure 18 . The lower values for Re xB, ∞ reported here are a likely consequence of the larger half-angle cone used. For the same half-angle cone as the present one, results reported in Ref. 55 at lower Mach number but larger enthalpies actually fall within 10% of the present results for 3 500 Re N 35 000. They are not included in figure 18 for clarity.
Larger amounts of bluntness may stabilize the boundary layer further although transition reversal is expected at some point. This regime could not be reached with the present flow conditions even for Reynolds numbers larger than Re RN, ∞ = 120 000 for which the flow was still laminar at R B = 10R N . Experimental results restricted to the equivalently sharp geometries are plotted in figure 19 where C FII is the nozzle wall skin friction coefficient and the following parameters have been used:
• Longshot nozzle diameter is = 0.426 m, giving Pate's normalization parameterc = 0.9822,
• the distance between the throat and the leading edge of the model was varied between 2.31 − 2.42 m (the influence of this parameter on the transition location is very weak),
• the nozzle wall temperature varied between 292 − 296 K among all tests,
• the Prandtl number was assumed equal to Pr = 0.713 and the recovery factor equal to r = √ P r,
• the nozzle wall skin friction coefficient was determined by the method presented in Ref. 6,
• the boundary layer displacement thickness along the nozzle wall was determined from Ref. 11,
• and the ratio of Reynolds numbers between the conical surface and the free-stream was interpolated from Ref.
11.
An excellent agreement is obtained between results obtained in the Longshot wind tunnel and the original correlation. Scatter is comparable to the one observed in the original dataset. In order to get more insight into the physics involved in this correlation, a better characterization of the free-stream noise levels is required.
IV.E. Spectrum of boundary layer disturbances and comparison with LST
Boundary layer disturbances have been measured along the surface using PCB 132A31 sensors. The power spectrum of these fluctuations has been determined for each sensor using a wavelet analysis technique 40 (based on a complex Morlet mother wavelet). An example for such a spectrum for a 1.75 mm nosetip geometry (u ∞ = 1689 m/s, T ∞ = 69.5 K and p ∞ = 277 Pa) is plotted in figure 20 against N -factors derived from LST computations obtained with the the VESTA toolkit. Boundary layer disturbances grow in amplitude as they flow along the cone from the first instrumented location at s = 190 mm to the last one at s = 710 mm. Their dominant frequencies respectively shift from approximately 300 kHz down to 180 kHz as the boundary layer thickens. For every location, the maximum amplitude frequencies are in excellent agreement with the corresponding numerical predictions for Mack's second mode.
Harmonics in the experimental signals correspond to non-linear interactions, not predicted by LST. Even though harmonics are present from s = 490 mm, the agreement between experimental and numerical data is still excellent until at least s = 710 mm.
This remarkable agreement between experimental and LST results is considered as an additional proof that the method used in the Longshot wind tunnel to estimate free-stream conditions using static pressure probes 41 is accurate and well suited for hypersonic free-stream flow characterization.
At the transition onset, determined from the minimum wall heat flux location as s B = 690 mm, the corresponding N -factor is N = 5.0 (figure 21), which is well in line with lower Mach number conventional hypersonic wind tunnels and similar to the N -factors reported in other Mach 10 wind tunnels. 57, 58 It is only slightly lower than the one reported earlier for the H3 wind tunnel. This decrease can be expected from the fact that free-stream noise levels increase with the free-stream Mach numbers. 29, 30 Evaluation of the sensitivity of this N -factor to free-stream conditions and other geometries are under way.
IV.F. Flow visualization
IV.F.1. LIF-based Schlieren technique
A variant of the Schlieren flow visualization technique has been implemented in the Longshot wind tunnel, aiming at observing boundary layer disturbances. In order to freeze these high-velocity features in space, a short duration laser has been used. The coherence of its light beam has been removed using an intermediate fluorescent dye plate (LaVision GmbH). This fluorescence was then used as the effective light source for an otherwise classical Schlieren setup.
Using a high repetition rate PIV laser allowed to obtain on the order of 50 image pairs per test, with a separation time among an image pair ranging between 0.8-1 µs. Further details relative to the implementation of this technique can be found in Ref. 59 while typical images with second mode disturbances and their preliminary analysis were reported earlier. 40, 60 Additional processing of these images is reported hereafter with the determination of the group velocities and the spectrum of the disturbances across the boundary layer.
IV.F.2. Group velocities
The group velocities of the disturbances present in the boundary layer can be determined for each pair of image thanks to the short separation time. Preliminary results have been reported in Ref. 60 using PIV algorithms with small windows in order to determine convection velocities at different heights through the boundary layer. This proved to be difficult because of the integration of density gradients all along the light path over such an axisymmetric configuration. 2-dimensional cross-correlation algorithms based on the entire images rather than on small windows are preferred here. This allows to determine the mean group velocity of the waves within the field of view and reduces the scatter of the results.
An example of image pair is displayed in figure 22 . The slight displacement of the structures after 1 µs is indicated by reference arrows. Knowing the image resolution, the main group velocity of the disturbances is estimated. The same automatic procedure has been repeated for each image pair where boundary layer disturbances were visible. Results are reported as red symbols in figure 23 for a transitional boundary layer over a 1.75 mm nosetip radius cone and compared to the local flow velocity.
The decaying trend is evident with instantaneous values slightly lower than the local flow velocity. As the free-stream unit Reynolds number decays, disturbances within the boundary layer have lower amplitudes and are more difficult to track after about 7 ms. These values are compared to the results reported in Ref. 40 based on the analysis of wall pressure measurements (blue dots). Both techniques were synchronized to each other so that the reason for the lower group velocities determined from flow visualization remains unclear.
IV.F.3. Disturbances across the boundary layer
A frequency analysis of the light intensity distribution in each image has been performed in order to determine the location of the maximum amplitude disturbances within the boundary layer. Light intensity profiles along pixel rows at several heights above the surface have been considered independently from each other. Fast Fourier transform are then applied to each of these profiles to determine the wavelength of the dominant disturbances. Wavelength spectra are finally converted to approximated frequency spectra assuming a convection velocity of the disturbances equal to the local flow velocity (obtained from a Taylor-Maccoll solution). Sample images where second mode waves are clearly visible are given in figure 24a . The FFT analysis performed on each of these images, as a function of the wall distance, is then given in Figs. 24b to 24e, respectively. Images were equalized so that, even though vertical scales are identical, the respective amplitude of peaks for different images is only qualitative.
This analysis is qualitatively comparable to the spectra obtained from hot-wires probes traversed through the boundary layer.
34, 61, 62
Low frequency content is unlikely to be physical and rather represents background light variations along an image row. Frequencies below 100 kHz were limited in their maximum amplitude for the present display.
Large amplitude disturbances at frequencies about 200 kHz correspond to second mode waves. This is in good agreement with frequencies reported earlier in figure 20 for similar free-stream conditions over the same geometry and the back of the cone.
The edge of the boundary layer can be estimated from the location where no significant energy content is present in the power spectrum. The inviscid part of the shock layer is essentially free from energy content for such a boundary layer. Based on the analysis of several images, the maximum amplitude fluctuations occurred in the outer part of the boundary layer between 0.55-0.65δ which compares well with values reported in Ref. 63 using an analogous optical technique. Using hot-wires, which are sensitive to mass flow and total temperature fluctuations, Ref. 34, 61 have shown the maximum amplitude of the disturbances to occur at locations closer to the edge of the boundary layer. Ref. 64 further report values close to 88% of the boundary layer thickness. These differences might be due to the different definitions used to estimate the boundary layer thickness.
Lower amplitude harmonics are also visible at higher frequencies. Their maximum amplitude occurs at about the same height in the boundary layer than the main disturbances. It is questionable whether these harmonics are related to the ones measured at the wall or not. They appear in these images once a clear rope shape of the waves is visible, i.e. once the curvature of the waves close to the boundary layer edge is pronounced. In these conditions, light intensity profiles chosen at heights which are in between the crests and valleys of the second mode waves, exhibit wavelengths which are halved and harmonics are therefore introduced.
Two rows of pixels were included in this analysis although corresponding to locations below the surface of the cone. Close to the wall, fluctuations are vanishing unlike the results reported in Ref. 65 . This has been observed for every image of the large set available. Image pre-processing was limited to a background subtraction using a reference light intensity distribution, equalization and the adjustment of saturation and gamma exponent. This is believed to have a limited influence on the present spectral results. The amplitude of the disturbances is therefore expected to increase from the wall up to their maximum at y δ ≈ 55-65% before rapidly decaying to weak amplitudes beyond the edge of the boundary layer.
IV.G. Comparison between different measurement techniques
IV.G.1. Overview
Different measurement techniques, synchronized to each other, have been used to characterize the boundary layer transition process over Mach 10 in the Longshot facility. The present section compares wall heat flux distributions with Lif-based Schlieren images, standard deviation of surface pressure fluctuations along the cone and spectra of boundary layer fluctuations.
Measurements were considered over a short time window of ±1 ms during which free-stream conditions can be regarded as approximately constant and quasi-steady. Schlieren images represent consecutive frames centered on that time window with a total duration of 0.8 ms. They serve to illustrate the intermittency of the waves within the boundary layer.
The end of the transition location is also compared to Pate's correlation (this prediction is based on the relevant free-stream flow conditions for each case considered and assumes sharp cone geometries). Nosetip bluntness benefits are then easily appreciated.
Four cases are considered, giving an overview of the influence of nose bluntness and local Reynolds number on the transition phenomenon at large hypersonic Mach numbers. They are as follow: 
IV.G.2. Sharp cone
A nosetip of 0.75 mm can be assimilated to a sharp one since it does not delay transition ( figure 18 ). For the conditions reported in figure 25 , transition onset occurs at s B ≈ 490 mm (as inferred from the wall heat flux distribution). The end of transition occurs approximately at s E ≈ 750 mm. This is in remarkable agreement with Pate's correlation, which predicts the end of the transition location at s E, Pate ≈ 747 mm.
The evolution of the standard deviation of the pressure fluctuations during the transition is also indicated, each point corresponding to a PCB sensor. Even though the instrumentation is discrete, the peak of pressure fluctuations can be associated to the beginning of the transition region, defined from the rise of the wall heat fluxes. Disturbance spectra indicates that this corresponds to the maximum amplitude of the second mode disturbances, just before their breakdown. Such measurement techniques were also compared earlier on at Mach 6 and in Ref. 57 : the peak of wall pressure fluctuations were found to occur closer to the middle of the transition region, although the scarce instrumentation may have introduced some uncertainties. The heat flux rise is then associated with the energy filling of the entire spectrum. Note that harmonics are detected in the wall pressure traces at s ≈ 270 mm, i.e. long before the transition onset.
Flow visualization images depict the early development of turbulent structures within the boundary layer with second mode waves limited to the left-hand side in few of the images. The field of view corresponds to locations where the wall heat transfer is rising. This is closely similar to the conclusions reported in Ref. 52 .
IV.G.3. Slight nose bluntness
For similar free-stream conditions but a slightly blunt nosetip, the wall heat flux rise is delayed and the end of the transition region occurs beyond the end of the cone (figure 26). Pate's correlation does not account for the effect of nose bluntness but the nosetip stabilizing effect is evident.
The peak pressure fluctuations are again associated with the onset of transition s B , where wall heat fluxes are rising and the spectrum is filling up. Wall pressure fluctuation spectra indicate harmonics relatively early in the measurements, from about half way the extent of the laminar boundary layer.
Second mode wave trains are well visible from the Schlieren images in such conditions. They disappear shortly beyond the transition onset location s B . The intermittency of the boundary layer is clearly visible from this series of images where rather laminar boundary layer alternates with wave packets. The right-hand side of the images, located approximately half-way of the transition extent, is on the other hand, essentially turbulent.
IV.G.4. Slight nose bluntness at larger local Reynolds number
The same geometry at a larger local Reynolds number allows to obtain a fully turbulent boundary layer over the cone (figure 27). The slight transition delay due to nosetip bluntness is appreciated by comparing the maximum wall heat flux location with predictions from Pate's correlation. The characteristic overshoot at the end of the transition region is also well detected.
The peak of the standard deviation of the wall pressure fluctuations is not as clear as for the previous cases reported. It however increases during the transition process and remains relatively large below a turbulent boundary layer.
The field of view of the Schlieren images is located slightly more downstream than previously. In combination with a larger free-stream unit Reynolds number, images illustrate a fully turbulent boundary layer. Spectra associated to sensors within this field of view confirm the turbulent nature of the boundary layer with noise being radiated towards the shock layer.
Even though the free-stream unit Reynolds number is twice larger than in the previous case (figure 26 ), the transition location s B is not exactly halved. This is due to the influence of the free-stream noise levels and the characteristic free-stream unit Reynolds number effect which contributes to slightly delay the transition location ( figure 18 ) in ground facilities.
IV.G.5. Large nose bluntness
A larger nosetip radius of 4.75 mm delays the transition onset beyond the end of the cone (figure 28). The increasing stabilizing efficiency of the nosetip bluntness can be judged from the predictions for a sharp cone obtained from Pate's correlation.
Even though the boundary layer seems laminar, disturbances are already present in the boundary layer as indicated by the Schlieren images. Disturbance spectra also reveal growing disturbances at about 200 − 230 kHz and harmonics are detected for the last measuring stations. The low standard deviation shows that the flow would probably remain laminar for a little longer before reaching transition onset.
V. Conclusions
The recent flow characterization in two hypersonic wind tunnels of the VKI has been reviewed. In the H3 Mach 6 wind tunnel, emphasis was placed on the determination of the free-stream noise levels using stagnation pressure probes and double hot-wires. The average amplitude for normalized Pitot pressure fluctuations is on the order of 1.7% while turbulence levels for the entropy, vorticity and acoustic modes, obtained from combined analysis, are on the order of 0.8%.
Boundary layer transition experiments on a 7
• half-angle cone without angle of attack were then performed in this wind tunnel. Instrumentation included infrared and wall pressure measurements. Transition locations were determined for various free-stream conditions and comparison of the different measurement techniques indicates a peak of wall pressure fluctuations in the middle of the transition region as defined from local heat transfer measurements. The spectrum of boundary layer disturbances compares favorably with theoretical results, confirming the second mode nature of the disturbances observed. The N -factor of the H3 wind tunnel is inferred from these comparisons and is about 5.5, as for similar conventional hypersonic wind tunnels.
In the Longshot wind tunnel, efforts were directed towards an improved free-stream flow characterization using static pressure probes. The new rebuilding procedure implemented relies only on measurements performed in the test section in order to characterize the hypersonic flow. This alleviates the need for reservoir measurements and the following questionable isentropic and adiabatic expansion assumptions along the nozzle. This procedure uncovered a lower free-stream Mach number than expected from the nozzle design, albeit for reasons still under investigations. A conical model similar to the one used in the H3 wind tunnel was then tested in the Longshot facility at Mach 10. Instrumentation at the wall includes thermocouples and fast-response pressure sensors. The stabilizing effect of nosetip bluntness has been demonstrated up to moderate amounts of nosetip bluntness. No transition reversal could be observed at R B = 10R N for a Reynolds number based on the nosetip radius of Re R N ,∞ = 120 000. Experimental results of the end of the transition region are in remarkable agreement with predictions from Pate's correlation. Spectra of boundary layer disturbances are in excellent agreement with Linear Stability Theory results obtained with the VESTA code and indicates the dominance of second mode waves at Mach 10. An N -factor of 5 was inferred for these experiments. Schlieren flow visualization confirms the presence of second mode waves within the boundary layer. The spectrum of boundary layer disturbances across the boundary layer has been determined from image analysis and indicates a peak of fluctuations at about 0.6δ. Comparison of the different measurement techniques were finally reported, indicating a peak of wall pressure fluctuations corresponding with the onset of the boundary layer transition region. The saturating amplitude of the second mode waves corresponds to their breakdown and is closely related to the transition onset location. Schlieren images depict intermittent second mode waves prior to the transition onset location before breaking down, in agreement with results inferred from the wall. Additional analysis is still on-going for the latter extensive dataset acquired for different nosetip bluntness and different free-stream conditions.
